ABSTRACT A novel nickel (Ni)-based resistance temperature detector (RTD) was successfully developed for temperature monitoring applications. The RTD was fabricated by depositing Ni ink on a flexible polyimide substrate using the screen printing process. Thermogravimetric analysis was performed to study the thermal behavior of the Ni ink, and it was observed that the Ni ink can withstand up to 200 • C before the decomposition of the binder in the ink system. Scanning electron microscopy and white light interferometry were used to analyze the surface morphology of the printed Ni. X-ray diffractometry was used to obtain structural information, phase, and crystallite size of the deposited Ni nanoparticles. Energy dispersive X-ray spectroscopy was used to obtain semi-quantitative information of the elements present in the fabricated RTD. 
I. INTRODUCTION
With the advent of the industrial revolution, the need for temperature measurement in the automobile, laboratory and consumer electronic industries has been a growing requirement [1] , [2] . To address this need, research has focused on developing novel and cost-efficient, contact and non-contact type temperature sensors. Non-contact type temperature sensors, such as infrared thermometers, pyrometer and thermal imagers are based on the principal of measuring thermal emission of electromagnetic radiation [2] . On the other hand, contact type temperature sensors such as thermocouples, thermistors, and resistance temperature detectors (RTD), which are based on the Seebeck effect, temperature dependence of transitional metal oxides and metals, respectively, are more commonly implemented in industrial settings [2] . Thermistors are known for their high sensitivity, fast response
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time but have limited dynamic temperature range and suffer from nonlinear response, thereby requiring additional circuitry to linearize the response [2] . Thermocouples are small, robust and cover the widest temperature range (−270 • C to 2300 • C), however they suffer from low sensitivity and accuracy when compared to thermistors and RTDs [3] . RTDs are thermo-resistors that demonstrate a linear change in its electrical resistance and are generally characterized by high accuracy and short response time along with simplified sensor designs [4] . Due to the advantages associated with RTDs, when compared to thermistors and thermocouples, it is important to develop novel RTDs for advancing the field of temperature sensing technology.
The mechanism of temperature sensing, in RTDs, is based on the positive temperature coefficient of electrical resistance in metals [2] . Common resistive metals used in the fabrication of the RTD are metals such as platinum (Pt) [2] , nickel (Ni) [5] and copper (Cu) [6] . In addition, gold (Au) and silver (Ag) have also been reported for temperature sensing applications [7] , [8] . Among these, Pt is the commonly used resistive element in the fabrication of RTD due to its high accuracy in measuring temperatures. However, it is relatively expensive and suffers from a low response and TCR value (0.31 %/ • C) [2] , [9] . Similarly, Au and Ag are also expensive and have low TCR values (0.34 %/ • C and 0.1%/ • C) [7] , [8] . Cu is prone to oxidation at low temperature (<300 • C), thereby restricting the range of temperature sensing [10] . Ni on the other hand, has better stability, relatively higher TCR (0.57%/ • C) and sensitivity when compared to other metals [5] , [11] , [12] , [44] . Despite these advantages, there are relatively few reports on the use of Ni for the development of RTDs. Therefore, more efforts are needed to adopt Ni based RTDs as temperature sensors.
Conventionally, RTDs have been fabricated on rigid and thick, ceramic and alumina substrates using photolithography and thermal evaporation processes [2] , [5] . These techniques are relatively expensive and time consuming as they require high vacuum, large power density, and a high temperature environment. Besides this, the rigidity of the substrates also prevents their use in applications that require mechanical flexibility and conformability to varying form factors. To overcome the limitations associated with traditional RTDs, additive print manufacturing processes can be used for the development of cost efficient, flexible and conformal RTDs. Additive print manufacturing processes such as screen, inkjet, gravure and flexography, have been used for advancing the emerging field of flexible hybrid electronics (FHE). Many researchers have taken advantage of these process in developing radio frequency identification tags [13] , [14] , sensors [15] - [24] , solar cells [25] , [26] , antennas [27] and circuits [28] , [29] . In a recent work, two types of printing processes: screen and gravure printing, were employed for demonstrating the capability of developing printed thermistors on a flexible polyethylene terephthalate substrate [30] . Even though the inkjet printing process has also been used for the development of Ag based RTDs on flexible substrates, the reported TCR values are relatively lower when compared to Ni based RTDs fabricated on rigid substrates [4] , [8] , [31] , [32] . The use of additive print manufacturing processes to develop flexible RTDs that use Ni, as sensing element, is envisioned to be a promising solution for the development of novel RTDs with better performance.
In this work, to the best of our knowledge, we report the first ever printed Ni based RTD on a flexible polyimide (PI) substrate. Screen printing, a push through process was employed for depositing Ni ink on the PI substrate. The capability of the fabricated device to monitor temperature was investigated by subjecting the printed RTD to varying temperatures ranging from −60 • C to 180 • C, in steps of 20 • C at a constant relativity humidity of 20 %RH. 
2) PRINT COMPATIBILITY
The ability of the substrate to anchor the ink is determined by both surface energy (SE) of the substrate and the surface tension (ST) of the ink, which consequently affects adhesion [30] . To obtain good print compatibility and adhesion properties between the printed layer and the substrate, the SE of the substrate should be greater than the ST of the ink to be printed [35] , [36] . The SE of the PI substrate and ST of the Ni ink were measured with a goniometer (First Ten Angstroms FTA-200) using the Owens Wendt method [37] and pendant drop method [38] , respectively ( Fig. 1(a) ). The SE for PI and ST of the ink were measured to be 42.35 ± 0.56 dynes/cm and 15.64 ± 0.29 dynes/cm, respectively ( Fig. 1(b) ). These values demonstrate that the SE of PI is ≈27 dynes/cm greater than the ST of Ni ink. It was thus evident that the Ni ink was print compatible with the PI substrate. Figure 2 shows the schematic of the RTD designed using Adobe Illustrator R software. The RTD has an overall dimension of 2.5 cm × 1.2 cm and consists of a 1.5 cm long meander trace (width = 200 µ m and pitch = 400 µ m) for the resistive element. The fabrication of the RTD was performed using a semi-automatic screen printer (AMI MSP 485). Figure 3 (a) shows the steps involved in the fabrication of the RTD. Initially, the surface of the PI substrate was cleaned with isopropyl alcohol (IPA) and was heated at a temperature of 150 • C for 2 hours on a VWR R Signature 810 hot plate to remove any organic impurities present on the surface of the substrate. Then, a pre-patterned stainless-steel screen, fabricated by Microscreen R , with 325 mesh count, wire diameter of 28 µ m, mesh angle of 22.5 • and 12.7 µ m thick MS-22 emulsion was used to deposit the meander trace pattern of Ni ink on the substrate. The printed Ni ink was thermally cured in a VWR 1320 temperature controlled oven at 135 • C for 5 minutes to form the Ni based RTD. A photograph of the fabricated RTD is shown in Fig. 3 (b).
3) SENSOR FABRICATION

4) PRINTED RTD TEST SETUP
The experimental setup to investigate the resistive response of the printed RTD towards varying temperature is shown in Fig. 4 . Electrical connections to the printed RTD were made using the FFC. The printed RTD was subjected to temperatures varying from −60 • C to 100 • C, in steps of 10 • C, VOLUME 7, 2019 at constant humidity of 20 %RH in a Thermotron R SE 1000 environmental chamber. The chamber is equipped with an 8800 data acquisition (DAQ) system for controlling, monitoring, graphing and reporting environmental 
II. RESULTS AND DISCUSSION
A thermogravimetric analyzer (TA Instruments Q500) was used to study the thermal behavior of the Ni ink from 25 • C to 400 • C with a ramp rate of 5 • C/min (Fig. 5 ). About 22% of weight loss was observed at 140 • C due to the evaporation of the organic solvent present in the ink. At ≈200 • C, decomposition of the thermoplastic resin/binder in the ink system started to occur resulting in an additional weight loss of 3%. Decomposition of the binder would eventually dislocate the nanoparticles from the substrate, thereby deteriorating the performance of the device. About 75% of binder and solvent free Ni, when compared to the total ink weight was left behind above 210 • C. Thus, it was concluded Thus, it was concluded that the Ni ink could withstand a maximum temperature of 200 • C.
Surface characterization of the printed Ni was performed using a Carl Zeiss EVO R MA-15 Variable-Pressure Scanning Electron Microscope (VP-SEM) at an accelerating potential of 20 keV. Initially, the printed RTD was prepared by coating Au/Pd for one minute using Leica EM ACE200 sputter coater to obtain high resolution images. The high vacuum SEM micrographs of the printed Ni obtained at secondary electron imaging mode are shown in Fig. 6 . From Fig. 6(a) , it is evident that the gap between the meander traces is less than 200 µ m (≈100 µ m). This can be attributed to increased wetting of the ink resulting in spreading, since the SE of PI is 27 mN/m greater than the ST of the ink. Particle arrangement of Ni in the printed trace can be seen in Fig. 6(b) . The dark regions which range from 5 to 10 µ m and can be attributed to void/gaps due to printing. Further, it is evident from Fig. 6(c) that the printed Ni particles exhibited typical cubic or multiangular morphology [39] , [40] . In addition, spherical Ni particles were also observed due to low temperature sintering (curing) of the Ni particles [39] . A high vacuum image of a unit Ni nano particle (≈ 600 nm) is shown in Fig. 6(d) . Finally, Fig. 6(e) shows an ultramicrotome cross-sectional view of the printed Ni layer on the PI substrate, indicating ≈ 17 µ m height for the deposited Ni. In addition, an average thickness and roughness of 16.6 ± 0.5 µ m (Fig. 7(a) ) and 4.2 ± 0.1 µ m (Fig. 7(b) ), respectively, was measured using in correlation with the height of the deposited Ni as denoted by SEM micrograph (Fig. 6(e) ).
The energy dispersive X-ray spectroscopy (EDS) was performed on the printed RTD using Dual Bruker Xflash 6/30 X-ray spectrometers attached to an EVO MA-15 SEM. X-rays emitted by the sample, when it is bombarded by the SEM's electron beam, have energies associated with the elements present. These energies provide semi quantitative analysis of the elements present in the sample [41] . Figure 8(a) shows the dispersion of the energy spectrum of X-rays from the selected micro-area (176 µ m2) of the sample (inset). The analysis of the elemental composition was performed with the electron beam at a fixed position, for a counting time of 60 s. and with an accelerating voltage of 12 kV. Distinct characteristic peaks for Ni at 0.8 and 7.5 keV were confirmed by the EDS spectra, which are consistent with the peaks reported for Ni [42] , [43] . Presence of Au (4.05 wt%) and Pd (0.93 wt%) was also confirmed by the spectra, which is due to the coating involved during the sample preparation for SEM analysis. In addition, the spectra revealed the presence of trace quantities of carbon (C) (0.09 wt%), which could be due to the polymeric resin or the binder present. The elemental composition of the printed sample indicating 95 wt% of Ni presence in the printed sample is also shown in Fig. 8(a) . Finally, X-ray dot mapping was used to confirm the composition of the printed sample with respect to EDS elementary analysis. Figure 8(b) shows the same micro-area (176 µ m2) of the printed Ni that was considered for EDS before X-ray dot mapping while, Fig. 8(c) shows the X-ray dot map revealing the presence of small percentage (0.09 wt%) of C (pink color) when compared to large percentage (95 wt%) of Ni (green color).
Micro-structure characterization of the printed Ni was performed using a Philipps XRG 3100 diffractometer operating at 25 kV and 10 mA with Cu Kα radiation. [40] , [44] . No other phase was observed in the diffractogram indicating that printed Ni nanoparticles had a single phased cubic structure, which is consistent with the observed Ni morphology using SEM.
Further, X-Ray diffractograms of the printed Ni annealed at different temperatures 145 • C (Ni145), 200 • C (Ni200) and 
250
• C (Ni250) for 15 mins are also shown in Fig. 9(b) . The growth in the crystalline structure of the printed Ni was analyzed besides investigating the formation of any secondary phases. These results correspond to FCC Ni and confirmed the crystallinity of Ni nanoparticles. The diffractograms also confirmed that there was no formation of secondary or oxide phases in the printed Ni.
The growth in the crystalline structure was analyzed by calculating the crystallite size (D) of the printed Ni annealed at different temperatures using Scherrer's formula [45] shown in Eq. (1) .
where, λ is the X ray wavelength, θ is the Bragg diffraction angle and β is the full width at half maximum (FWHM) of the largest diffraction intensity peak. In addition, it was observed that the diffraction peak width decreased for printed Ni annealed at greater temperatures also suggesting the growth in the crystallite size [45] . This was confirmed by measuring the β values of the printed Ni. The relative intensity value
of the diffraction peaks also increased with increase in for samples Ni145, Ni200 and Ni250 are provided in Table 1 . The increase in D and I (111) (200) values, and the decrease in the β values of the samples indicated the aggregative growth in crystallite size of Ni nanoparticles when annealed at higher temperature, occurring due to Ostwald ripening of the nanoparticles [46] - [48] . However, it is worthwhile to note that the size obtained from Scherrer's formula is the apparent crystalline size and is not necessarily the same as the particle size (≈600 nm) measured using SEM [49] . Nanomaterials are seldom made of particles arranged in a larger macroscopic structure [49] . The smallest size amongst these individual particles is defined as particle size [49] . On the other hand, several crystals constitute to form particles [49] . Thus, the measured particle size in this work, using SEM, may not necessarily equal to the crystallite size calculated from the X-ray diffractograms [49] . Figure 10 (a) shows the dynamic resistive response of the printed RTD to varying temperatures. As the temperature was increased from −60 • C to 180 • C, in steps of 20 • C, resistance of the RTD increased over time, exhibiting temperature dependence of electrical resistance in the deposited Ni. The increase in temperature increases the energy of the atoms present in the metallic (Ni) body [8] . This increase in energy of the atoms creates a tendency for the atoms to vibrate, resulting in collision of moving electrons present in conduction band [8] . This collision between the electrons results in energy loss that translates to an increase in the resistance, thus confirming the temperature dependence of resistance [8] .
Figure 10(b) shows the average static resistive response of three RTD sensors for similar varying temperatures. It was observed that the resistance of the RTD increased monotonically, when the temperature was varied from −60 • C to 180 • C, covering a broad range of temperature. Resistance changes of upto 113% were observed for the printed RTD at 180 • C, when compared to the base resistance values at −60 • C. It was observed that the resistance value at 180 • C did not fit in the linear range. The increased resistance value at 180 • C can be due to the gradual dislodging of the deposited Ni nanoparticles as a result of decomposition of the binder. Due to this, the overall dynamic input range of the VOLUME 7, 2019 RTD was restricted from −60 • C to 160 • C for calculating its average sensitivity. The sensitivity of an RTD, over a given range of temperature, is defined by its TCR (α) [6] . The TCR of an RTD is mathematically calculated using Eq. (2) [6] .
where R T i and R T f are the resistance values obtained at initial temperature T i and final T f temperature. An average α of 0.44%/ • C was calculated for the fabricated RTD. The TCR was calculated by considering the resistances recorded at initial temperature −60 • C and final temperature 160 • C. The results obtained for the printed RTD demonstrated a 300% increase in the TCR value when compared to the TCR of a printed Ag based RTD (0.1% • C) reported by Ali et al. [8] . The obtained TCR value of the printed RTD is also comparable to the TCR value of Ni wire based temperature sensing fabric (0.48%/ • C) reported by Husain and Kennon [50] . In addition, the TCR value of the printed Ni based RTD is better than several other printed Ag based RTD [8] , [4] , [31] , [32] and a comparison is shown in Table 2 . Additionally, the thermal response curve of the printed RTD is shown in Fig. 11 . It was observed that the response of the printed RTD follows the response of the T-type thermocouple equipped in the environmental chamber, when the temperature of the chamber was varied from 80 • C to 100 • C. The thermocouple typically takes no more than 10 s [3] to respond to a temperature change. Thus, the response time of the printed RTD can be estimated to be <10 s and is comparable with the performance of a conventional RTD, which typically ranges from 1 s to 50 s [3] . Figure 12 (a) shows the transient response of the printed RTD towards dynamic heating-cooling cycles. The temperature in the chamber was cycled between −40 • C to 160 • C, at constant relative humidity of 20 %RH, and the response of the printed RTD followed the cycles with increase and decrease in the resistance values thus demonstrating the repeatability of the RTD. The stability of the printed RTD over time was investigated by recording the resistive response of the RTD at various temperatures, for a period of 16 hours (Fig. 12(b) and 160 • C, respectively, thus showing a stable response. It was observed that the printed RTD was capable of sensing a broad range of temperatures (−60 • C to 180 • C) while demonstrating good stability over time. From the results obtained, it is evident that the printed RTD has the capability to be employed for temperature sensing applications in automobile, laboratory and consumer electronic industries.
III. CONCLUSION
In this work, a novel, printed Ni based RTD was successfully fabricated on a flexible PI substrate. The Ni ink was deposited on the PI substrate using screen printing. The thermal behavior of the ink was studied using TGA. Surface morphological characterization was performed on the printed RTD using SEM and interferometry. XRD was performed to obtain micro-structural information of the printed Ni nanoparticles. Semi-quantitative information of the elements present in the printed RTD was obtained using EDX. The resistive response of printed RTD towards varying temperatures ranging from −60 • C to 180 • C was investigated at constant relative humidity of 20 %RH. An overall change in resistance of 113% was recorded with a TCR of 0.44%/ • C. The response time of the printed RTD was found to be <10 s. This work has demonstrated that RTDs fabricated using screen printing on flexible substrates have a significant potential in temperature sensing applications where light weight and conformal features along with large scale manufacturing capabilities are paramount for improved user-device interactions. Further research is underway to investigate the performance of the printed RTD after encapsulation to study its stability against varying humidity. The effect of mechanical stresses such as bending, twisting, and stretching on the performance of the RTD is also under investigation to determine appropriate output compensation needed before implementing the printed RTD into a field deployable sensing system. (CASSS) . His research interests include all aspects of design, fabrication, and characterization of high-performance sensing systems, microfluidic devices, lab-on-a-chip for point-of-care testing (POCT), biosensors, bioelectronics, printed electronic devices, and BioMEMS devices for applications in the biomedical, environmental, and defense industries.
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